Abstract: Rain-fed agriculture exists in North Sinai and Marsa Matrouh in Egypt. The objective of this paper was to close the gap in our understanding on how climate would affect agricultural sustainability in rain-fed area. To implement that, integrated modeling approach was used. BISm and Yield-Stress models were used to simulate the effect of climate change on crops productivity in 2030. Furthermore, the effect of manure application to these crops was done to explore its effect on improving productivity under drought conditions. The simulation results revealed that productivity of barley and wheat will severely reduce in 2030, whereas the productivity of fruit trees will reduce with lower magnitude. Simulation of the additive effect of manure application revealed that yield losses in all the studied crops were reduced. Potential barley yield losses were reduced from 48 and 85% in North Sinai and Marsa Matrouh, respectively, to 12 and 71%. Wheat yield losses will be reduced from 62 and 90% in North Sinai and Marsa Matrouh, respectively, to 38 and 82%. Therefore, a production package should be implemented in these areas to increase its resilience to face rain fall variability in the future. 
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PUBLIC INTEREST STATEMENT
The impact of climate change on rain-fed cultivation in Egypt was not studied before. We used climate change scenarios with high level of accuracy were used to project rain fall in 2030. Integrated modeling approach was used integrated modeling approach to simulate the effect of climate change on crops cultivated in the area. These results are important for policy-makers to be informed about that anticipated effect.
(http://www.emwis-eg.org). Few field crops are cultivated in the rain-fed areas in Egypt, mainly barley and wheat, in addition to few fruit trees. There are several serious threats being faced by rain-fed areas, where most of it are farmed using the old, traditional, and primitive soil and crop management practices. Khalifa et al. (2004) indicated that in North Sinai, barley is cultivated every year, which resulted in low productivity. Similar situation was found in Marsa Matrouh, where wheat productivity under rain-fed conditions is low due to wheat cultivation every year in the same piece of land (Attia & Barsoum, 2013) . Although, manure is a source of copious content of major and minor nutrition elements available to plant roots absorption, most famers in rain-fed area do not perform this practice (Shams & Kamel, 2014) .
The alarming results of climate change studies on rain fall globally implied that in fragile environment like North Coast of Egypt, climate change could badly affect it. However, there are no local studies on the effect of climate change on rain-fed agriculture in Egypt. The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change contained a large number of comprehensive climate models and Earth System Models, whose results form the core of the climate system projections (IPCC, 2013) . These models produce new Representative Concentration Pathways Scenarios in the future, i.e. RCP2.6, RCP4.5, RCP6.0, and RCP8.5 (Wayne, 2013) . Using these RCPs could lower the uncertainty in assessment of the effect of climate change on evapotranspiration and crops productivity (Solomon et al., 2007) . Morsy (2015) indicated that using global models and region models could achieve higher level of certainty in the projection of the effect of climate change.
The objective of this paper was to close the gap in our understanding on how climate would affect cultivated crops in rain-fed areas in Egypt in the future. To implement that, integrated modeling approach was used, where BISm model and Yield-Stress model were used to simulate the effect of climate change in 2030 on productivity of crops grown in rain-fed areas in Egypt. Furthermore, the effect of manure application to these crops was simulated to explore its effect on improving productivity under climate change.
Methodology

Selected governorates and crops
Rain-fed agriculture in Egypt is represented by two governorates, i.e. North Sinai in northeast of Egypt (Latitude = 32.07°, Longitude = 33.45° and Elevation above sea level 17.10 m) and Marsa Matrouh in northwest of Egypt (Latitude = 31.30°, Longitude = 27.20° and Elevation above sea level 7.00 m) as shown in Figure 1 .
Barley field data were obtained from Kamel (2011) in 2008 growing season under rain-fed in North Sinai. Barley was planted on 4January, where rainfall amount was 24.9 mm of and it was harvested on 14April, three weeks after 18.1 mm rainfall. Wheat data were obtained from Hussain (2005) in 2001/02 growing season, where wheat was planted on 2 December after 43.5 mm of rainfall and was harvested on 14 April three weeks after 31.1 mm of rainfall. Olive was grown in 2010/11 at distance of 5 X 5 m in North Sinai (Mohy El-Din, El-Begawy, Shabbara, & Yassen, 2013) . Furthermore, peach in North Sinai was grown in 2010 under rain-fed conditions at distance of 7 × 7 (El-Kosary, Abdel-Mohsen, El-Merghany, & Badran, 2013) . The total seasonal rain in 2010 was 140.0 mm, which produced 4.55 and 8.10 ton/ha peach and olive, respectively (Table 1) .
Regarding to Marsa Matrouh, field data for barley were obtained from Kamel (2011) grown in 2006/07 growing season. Barley was planted after major rain fall event on 31 December, where 19.4 mm were fall and was harvested on 25 April. Wheat field data were obtained from Attia and Barsoum (2013) Table 1 summarizes the data used in the analysis.
Calculation of reference evapotranspiration
The BISm model (Snyder, Organ, Bali, & Eching, 2004 ) was used to calculate monthly reference evapotranspiration (ET). The model calculates ET using the Penman-Monteith (PM) equation (Monteith, 1965) as presented in the United Nations FAO Irrigation and Drainage Paper (FAO, 56) by Allen, Pereira, Raes, and Smith (1998) . Weather normals were used to calculate ET values for each governorate. Weather data in 2030 were obtained from Morsy (2015) . He developed a methodology to determine the most suitable global climate model and scenario for different governorates in Egypt through comparison between measured meteorological data with the projected data from four global climate models represented by its four RCPs scenarios during the period from 2006 to 2012. His results indicated that RCP6.0 scenario from CCSM4 model was more accurate to project meteorological and climate variables. Thus, he used the boundaries of RCP6.0 scenario in WRF-RCM model (regional climate model) to predict weather data in 2030 after comparing its predicted previous weather data with its counterpart of the measured metrological data and he produced weather data in 2013 with 90% degree of accuracy. Furthermore, the predicted weather data by WRF-RCM model was used to project ET values in each governorate in 2030.
Simulation of crops productivity in rain-fed area
Yield-Stress model (Ouda, 2006) was used in this analysis. The model assumes that there is a linear relationship between available water and yield, in which the reduction in available water limits evapotranspiration and consequently reduces yield. The Yield-Stress model was designed to predict the effect of scheduling deficit irrigation on the yield of several crops and on their water consumptive use. Most importantly, its performance was acceptable, when it was compared to CROPWAT (Khalil, Ouda, & Ewias, 2008) . The model uses daily weather data to calculate evapotranspiration (ET) and crop evapotranspiration (ETc). The model calculates water depletion from root zone and dry matter accumulation. The model was modified to simulate productivity under rain-fed condition. BISm model (Snyder et al., 2004 ) was used to calculate daily ET and crop kc. BISm model contains a list of crops in its database, where it could be used to calculate crop kc as a percentage of its growing season. Sowing and harvest dates are also involved in determining kc for each growth stage. The kc values for the selected crops are presented in Tables 2 and 3. Yield-Stress model used these values of daily ET and crop kc as input to calculate daily ETc. Available water in soil as a characteristic of soil type was input in the model to calculate the depletion of rain water from the root zone and calculate water stress index, whenever water stress exist. Water stress index is calculated as a reduction factor on transpiration then on assimilates translocation. Water stress index takes a value between 0-1. Water stress index equal 0 when there is no moisture in the root zone to fulfill the needs for evapotranspiration. During this time, photosynthesis ceased and no photosynthate translocation or growth occurs (Allen et al., 1998) .
The model was calibrated for the selected crops using the published data. The calibration process depends on adjustment in crop calibration coefficient (Yc, kg/MJ/day). Yc represents the amount of dry matter in kilogram that is produced by mega joule per day and accumulated in term of biological yield. Thus, Yc is affected by weather conditions in a region and growing season of the cultivated crop. Furthermore, using Yc for calibration of Yield-Stress model can allow very accurate simulation for dry matter accumulation, if great effort was made in the calibration procedure. Under this condition, the simulated yield value can be as the same as the measured values in the field, which is required under rain-fed cultivation to improve the quality of simulation.
Yield-Stress model was used to simulate the effect of projected rain fall amount in 2029/30 on barley, wheat, and the studied fruit trees. Furthermore, the model was also used to simulate the effect of using manure as fertilizer on moisture retention through enhancing soil water storage ability. Thus, we assume that if we start to apply manure now, the available water in the soil can increase from 0.09 m/m to 0.15 m/m by 2030. Then, we simulated the yield of the cultivated crops using the above value of available water in the soil under climate change in 2029/30.
Comparison between past and future annual rain fall
Deviation of rainfall from normal (long term mean) is the most commonly used indicator for drought monitoring. It was calculated for projected annual rain value in 2030. On the basis of rain fall deviations, four categories are used for monitoring and evaluating the rain fall patterns: ±10% deviation as normal. Furthermore, −10 to −60% deviation in the rain fall is consider as deficit, less than −60% deviation as scanty, and greater than 20% deviation as excess (Kumar, Murthy, SeshaSai, & Roy, 2009 ).
Water and land productivity
Crop water productivity (kg/m 3 ) and land productivity (kg/m 2 ) measurements are quantitative terms used to define the relationship between crop produced with the amount of applied irrigation water or unit of land involved in crop production. They are useful indicators for quantifying the impact management on final crop yield (FAO, 2003) . 
Results
Calibration of Yield-Stress model for the studied crops
Barley and wheat
Comparison between past and future annual rain fall
The projected annual rain value in 2030 was graphed with annual rain values starting from 1997 to 2014 in North Sinai (Figure 2 ) and in Marsa Matrouh (Figure 3) . Comparison between monthly rainfall values for the studied field data and projected rainfall data in 2029/30 in North Sinai revealed that the lowest monthly rain fall was found in 2029/30 (Figure 3) . Similarly, the projected annual rain fall value in 2030 will be lowest compared to the recorded value from 1997 to 2014 (Figure 4 ). Rainfall deviation in 2030 from the average of 18 years was −95%, which considered scantly. This result implied that drought will highly affect Marsa Matrouh, compared to North Sinai.
Furthermore, monthly rainfall values for the studied years of field data were higher than projected rainfall data in 2029/30 in Marsa Matrouh ( Figure 5 ). Thus, the daily values of rainfall in the two studied locations are graphed and presented in Figures  6 and 7 to show the frequency and the daily amount of rainfall. Figure 6 indicated that the frequency of rain fall in North Sinai will increase in 2029/30; however the amount will be much lower. The highest amount of rain in the whole season will be 7.2 mm in December 2029. However, lower values in rainfall are projected and last for few days as shown in Figure 6 . Similar trend was observed in Marsa Matrouh, where the frequency increased and the amount decreased as shown in Figure 7 . The highest value of rainfall was 5.4 mm in March. Table 6 showed predicted grain and biological yield of barley and wheat in projected 2029/30 growing season. The results indicated that as a result of lower rain amount in 2030, barley yield will be reduced by 48% and wheat yield will be reduced by 62%.
Assessment of the effect of low rain fall on crops productivity
More drastic consequences are expected to occur in Marsa Matrouh in 2029/30, where barley and wheat will not produce any grains as a result of low rain fall. The biological yield will be reduced by 85 and 90% for barley and wheat, respectively ( Table 7) . The above results are very disturbing and implied that famers living in Marsa Matrouh will be not able to cultivate barley and wheat in 2029/30.
The simulation procedure was done for fruit trees in 2029/30 in both sites using Yield-Stress model. The simulation results indicated that fruit trees grown in the two sites will be more tolerant to drought and its yield will be reduced by lower percentage, compared to cereal crops. Olive yield will be reduced by 25 and 56% in North Sinai and Marsa Matrouh, respectively (Table 8) .
Adaptation of crops structure in rain-fed areas to climate change
Simulation of the effect of manure application at present time on increasing water holding capacity under climate change in 2030 was done. The simulation results in Table 7 indicated that the additive effect of the application of manure under rain-fed in both sites can reduce yield losses of barley and wheat in 2029/30. Potential barley yield losses can be reduced from 48 and 85% in North Sinai and Marsa Matrouh, respectively (Tables 6 and 7) , to 12 and 71% (Table 9 ). Wheat yield losses can be reduced from 62 and 90% in North Sinai and Marsa Matrouh, respectively (Tables 6 and 7) to 38 and 82% (Table 9) . Regarding olive, its yield losses will be reduced from 25 and 56% (Table 6 ) 12 to and 41% (Table  10) when manure is applied. Similarly, peach and fig yield losses will lower from 27 and 44% (Table  8) , to 14 and 13% (Table 10) , respectively, as a result of additive effect of manure application on soil water retention. Table 11 indicated that, in general, water, and land productivity was higher in North Sinai under current situation, under climate change and under manure application for all the cultivated crops. This could attribute to the higher amount of rainfall in North Sinai, compared to Marsa Matrouh. Furthermore, water and land productivity for barely was higher than wheat under all studied options, as a result of shorter growing season and lower water requirements for barely in both sites. Climate change effects highly reduced water and land productivity for all crops in both sites due to low rainfall. However, application of manure increased water and land productivity for all crops owing to the role that manure does in increasing water holding capacity of the soil.
Water and land productivity in rain-fed areas
Discussion
Rain-fed agriculture is generally risky due to high spatial and temporal variability in rainfall. Innovative approaches need to be adapted to manage such fragile resources under rain-fed conditions in Egypt. To do that, we calibrated Yield-Stress model and used it to simulate the effect of new management on the growing crops in these areas. Our results implied that Yield-Stress model was capable of predicting the same measured values of barley, wheat, olive, peach, and fig yields as a result of fine tuning calibration procedure. This fine tuning facilitated the use of the model for further investigation on the effect of climate change on rain fall. Similar results on the capability of YieldStress model in accurate prediction of productivity of wheat were obtained by Khalil, Ouda, and Tantawy (2007) and on productivity of barley (El-Mesiry, Gaballah, & Ouda, 2007) .
Evidence is emerging that climate change is making the climate variability more intense, with increased frequency of extreme events such as drought (IPCC, 2001) . Thus, the future of rain-fed agriculture in Egypt is mainly dependent on the amount and frequency of rainfall. As stated previously, there were no studies on the effect of climate change on rain-fed agriculture in Egypt. Furthermore, there is a need to project the incidence and the quantity of rainfall under climate change. Our results indicated that the projected annual amount of rainfall will decrease in the studied sites. In North Sinai, the annual rainfall deviation in 2030 from the average of 18 years was -27%, which considered deficit. Furthermore, the monthly values of rainfall in 2030 were lower than its counterpart values in the years where field data were collected. Similarly, in Marsa Matrouh, the projected annual rainfall value in 2030 will be lowest compared to the recorded value from 1997 to 2014. Rain fall deviation in 2030 from the average of 18 years was -95%, which considered scantly. This result implied that drought will highly affect Marsa Matrouh, compared to North Sinai. Thus, it is expected under these low amounts of rainfall that productivity of crops grown in Marsa Matrouh will be much lower than its counterpart in North Sinai.
This assumption proved to be true as the simulation results revealed that in North Sinai in 2030, barley grain yield will be reduced by 48% and wheat grain yield will be reduced by 62%. Lower barley yield reduction can be attributed to the fact that barley is adapted to a severe water regime compared with other cereals (Samarah, 2005) . Furthermore, olive and peach yields were reduced with lower percentage compared to barley and wheat. Sofo, Manfreda, Fiorentino, Dichio, and Xiloyannis (2008) indicated that olive trees developed series of physiological mechanisms to tolerate drought stress and grow under adverse climatic conditions. However, under high water stress, its yield was reduced. Furthermore, the peach tree is known by its ability to withstand low moisture availability in the root zone area (Abrisqueta, Vera, Tapia, Abrisqueta, & Ruiz-Sánchez, 2012) .
The situation will be worst in Marsa Matrouh in 2030, where no grain yield for either cereal crops will be formed, only biological yield will be produced. Furthermore, olive and fig yield will be highly reduced. Although fig tree is characterized by its tolerance to water deficit, its yield was highly reduced as a result of drought. Allam, Adly, and Mourad (2007) and Al-Desouki et al. (2009) indicated that the growth and yield of fig trees was reduced under severe drought stress. Furthermore, our results showed that water and land productivity was highly reduced under climate change for all crops in both sites. Khalifa et al. (2004) indicated that the soils in the rain-fed areas of Egypt are characterized by being sandy with low soil fertility level and low water holding capacity. Thus, to increase the ability of these soils to hold water in 2030, application of manure in the present time could increase soil available water from 0.09 m/m to 0.15 m/m in 2030. Mosavi et al. (2012) indicated that manure as fertilizer could be a method for soil and water conservation, as well as moisture retention through enhancing soil water storage ability. Wortmann and Shapiro (2008) observed reduction in bulk density, increase in hydraulic conductivity, and increase in available soil water holding capacity by 56% compared to the control and after application of compost or manure for five years. Thus, we simulated the effect of increased soil available water on the productivity of the cultivated crops in the studied areas. The simulation results indicated that the additive effect of the application of manure under rain-fed in both sites can reduce yield losses of the cultivated crops. Shams and Kamel (2014) indicated that manure application to barley and wheat grown solely in Marsa Matrouh increased its yield by 15 and 25%, respectively, whereas, manure application to barely in North Sinai increase yield by 12%, compared to barely cultivation without application (Khalifa et al., 2004) . Furthermore, application of manure to peach trees grown in North Sinai increased yield per tree by 37% (El-Kosary et al., 2013) . The acidic effect of manure lowers pH value and facilitates nutrients absorption (Estefanous, Mikhaeel, & Anton, 1997) . Application of manure improved water and land productivity for all crops planted in both sites.
Thus, to ensure the sustainability of rain-fed agriculture in Egypt, we need to implement improved management practices to enhance productivity of cultivated crops in these areas. We suggested three practices to face drought stress occurrence in rain-fed area in Egypt: application of manure, as well as using crop rotation and inter-planting (cultivation of field crop under trees). Although we were not able to simulate the effect of all of them, the simulation results of application of manure were encouraging to assume that additive effect of the three suggested practices could overcome the risk of drought under current climate and the projected climate change in 2030. Crop diversification by adding legume crops with low water requirements, such as lintel, pea, and faba bean can improve productivity of barley and wheat under crop rotation implementation (Khalifa et al., 2004; El-Sadek & Salem, 2015) . Inter-planting lintel under young olive trees or under fig and peach trees (young or mature) increased the yield of the tree as a result of increase in soil fertility. Furthermore, it reduced wind erosion and conserve moisture content (Kamel, 2011) . Crop rotations, where legume crops followed cereals crops proved to increase cereals yield, as cereals benefits from nitrogen fixed by legume and decomposition of roots and nodules (Shams & Kamel, 2014) .
Conclusion
This research is the first in Egypt to assess the effect of climate change on rain-fed agriculture. Our results indicated that rainfall in both North Sinai and Marsa Matrouh will be highly reduced in 2029/30. The frequency of rainfall will increase; however the amount will be much lower. As a consequence, the productivity of cereal crops will be highly reduced to the extent that no grain yield will be produced in Marsa Matrouh. Furthermore, the productivity of fruit crops will be affected with lower losses than field crops. The simulated additive effect of manure revealed that it could reduce yield losses for all crops in both sites. Therefore, a production package should be implemented in these areas to increase its resilience to face rainfall variability in the future. Lastly, using modeling to predict rainfall dates and amounts is an important procedure to be done by extension workers in rain-fed areas to increase the resilience of these areas to face rainfall variability.
